Nine consecutive isogenic Aspergillus fumigatus isolates cultured from a patient with aspergilloma were investigated for azole resistance. The first cultured isolate showed a wild-type phenotype, but four azole-resistant phenotypes were observed in the subsequent eight isolates. Four mutations were found in the cyp51A gene of these isolates, leading to the substitutions A9T, G54E, P216L, and F219I. Only G54 substitutions were previously proved to be associated with azole resistance. Using a Cyp51A homology model and recombination experiments in which the mutations were introduced into a susceptible isolate, we show that the substitutions at codons P216 and F219 were both associated with resistance to itraconazole and posaconazole. A9T was also present in the wild-type isolate and thus considered a Cyp51A polymorphism. Isolates harboring F219I evolved further into a pan-azole-resistant phenotype, indicating an additional acquisition of a non-Cyp51A-mediated resistance mechanism. Review of the literature showed that in patients who develop azole resistance during therapy, multiple resistance mechanisms commonly emerge. Furthermore, the median time between the last cultured wild-type isolate and the first azole-resistant isolate was 4 months (range, 3 weeks to 23 months), indicating a rapid induction of resistance.
A spergillus fumigatus is able to cause a wide range of diseases, including allergic syndromes, aspergilloma, and invasive aspergillosis. Azoles play an important role in the management of Aspergillus diseases, but chronic treatment may cause the development of resistance, especially in patients with cavitary lesions, such as aspergilloma (5, 14, 15) . Infection with azole-resistant A. fumigatus is associated with a higher probability of treatment failure than infection due to isolates with a wild-type susceptibility (14, 29, 31) , which is supported by experimental models of aspergillosis (6, 7, 8, 9, 17, 18) . Surveillance studies indicate that the prevalence of azole resistance varies widely between countries (1, 23, 32) , and there is increasing evidence that in addition to patient therapy, environmental exposure to azole compounds may be an important route of resistance development (24, 33) . The most common mechanisms of resistance in A. fumigatus are modifications in the cyp51A gene (20) . cyp51A encodes cytochrome P450 sterol 14␣-demethylase and is the target for azole drugs. Azoles bind to the heme cofactor located in the active site of the cyp51-encoded enzyme, thereby blocking ergosterol synthesis. Subsequent ergosterol depletion and the accumulation of unusual toxic sterols lead to inhibition of fungal growth (22, 34) .
The objective of this study was to investigate the evolution of azole resistance development in a series of consecutive A. fumigatus isolates from a patient with aspergilloma. In addition, we reviewed the literature for other patients with development of resistant A. fumigatus disease.
CASE REPORT
A 48-year-old female was diagnosed with tumor necrosis factor (TNF) receptor-associated periodic syndrome (TRAPS) in 2000. Seven years earlier, she had undergone bilobectomy of the right lung because of recurrent bacterial infections, including persistent Mycobacterium avium infection. In 2000, she was diagnosed with aspergilloma in a cavity of the postoperative severely retracted right lung. Surgery was precluded due to the destroyed right lung, and itraconazole (ITC) treatment was initiated. Adequate serum concentrations were observed. She was treated from April 2000 to November 2007; in 2007, a decision was made to stop ITC treatment, since her computed tomography scan and chest X rays repeatedly showed a complete resolution of the aspergilloma, with no sign of recurrence over 8 months. In addition, sputum repeatedly remained negative for Aspergillus. Over the next year, her condition was stable, until October 2008, when Aspergillus was again cultured from the sputum. She was started on ITC but was switched in weeks to voriconazole (VRC). That December, posaconazole (POS) was given to replace VRC because of an insufficient clinical response. However, after several months there was radiological evidence for relapse of the aspergilloma and for Aspergillus localization in the left lung. A subsequently recovered A. fumigatus isolate cultured from the sputum exhibited a multiazole-resistant phenotype, and treatment was switched to liposomal amphotericin B (L-AMB), which was subsequently given in combination with caspofungin (CAS). Despite 1 month of treatment with L-AMB and CAS, the patient had ongoing Aspergillus disease and died because of a severe urosepsis caused by extendedspectrum-␤-lactamase-positive Escherichia coli.
At autopsy, Aspergillus could not be identified in the left lung, despite extensive sampling. The right lung was severely fibrotic and showed a cavity filled with necrotic material and Aspergillus hyphae on microscopy, but no evidence for invasive disease was found.
MATERIALS AND METHODS
Aspergillus fumigatus isolates. From our patient, nine A. fumigatus isolates were obtained within a 10-month period (September 2008 to June 2009). All isolates were cultured from respiratory samples, and the primary colonies were subcultured on agar plates supplemented with azole compounds (ITC, 4 mg/liter; VRC, 1 mg/liter; POS, 0.5 mg/liter) (28) as part of a national surveillance study (30) . Isolates that grew on these agar plates were further analyzed. A previously cultured A. fumigatus isolate from this patient with a wild-type phenotype was also selected for further investigation. The isolates were identified by macroscopic and microscopic examination and ability to grow at 48°C. Susceptibility testing. A broth microdilution test was performed according to the European Committee on Antimicrobial Susceptibility Testing (EUCAST) reference method (27) . ITC, POS, VRC, and amphotericin B (AMB) were assayed over a 2-fold concentration range from 16 to 0.016 mg/liter. Visual readings were performed with a reading mirror, and an endpoint of 100% inhibition was used to determine the MICs. For interpretation of the azole MICs, the proposed breakpoints were used (32) .
cyp51 sequence analysis and microsatellite genotyping. To isolate DNA, isolates were cultured on Sabouraud agar slants. Conidia were harvested and added to 200 l of breaking buffer (100 mM NaCl, 10 mM Tris-HCl, pH 8, 2% Triton X-100, 1% sodium dodecyl sulfate, 1 mM EDTA, pH 8) with ϳ0.1 g glass beads (diameters, 0.4 to 0.6 mm). After shaking by vortexing, conidia were incubated at 70°C for 30 min while shaking. Then, 200 l of phenol-chloroform-isoamyl alcohol (25:24:1) was added and samples were incubated for 5 min while they were shaken. After centrifugation for 5 min, the upper phase containing the DNA was transferred to a new tube. One microliter of DNA was used per PCR.
The cyp51A gene was amplified and subsequently sequenced as described previously (25) . The promoter region was amplified using previously described primers P-A7 and P-A5 (19) and sequenced using the forward primer (P-A7). The cyp51B gene and promoter region were amplified and sequenced using primer sets 5=-CCTTTATTCCCTGCGACA-3=/5=-ACGGCAGAATACCCAGAA-3= and 5=-GGAGACTGCACAACAA CG-3=/5=-GGAACCAGTGGAAGACCA-3=. To detect mutations, the sequences were compared with the cyp51A and cyp51B sequences with GenBank accession numbers AF338659 and AF338660, respectively.
From all isolates as well as three unrelated control isolates, six microsatellite loci (STRAf 3A, 3B, 3C, 4A, 4B, and 4C) were amplified as described before (10) . The sizes of the fragments were determined, and repeat numbers were assigned (24) . Genotypes consisting of the number of repeats for each of the six microsatellites were created for all isolates.
Cyp51A sequence alignment and homology model. An alignment of 47 selected fungal Cyp51 protein sequences deposited in the NCBI protein database (http://www.ncbi.nlm.nih.gov/protein) was constructed using the ClustalW2 multiple-sequence alignment tool (http://www.ebi.ac.uk /Tools/msa/clustalw2/). The Cyp51 sequences (GenBank accession numbers) included those of Ajellomyces capsulatus (AAU01158), Aspergillus clavatus
Yarrowia lipolytica (CAG82748), and Zygosaccharomyces rouxii (CAR28109). The positions of amino acid substitutions present in the patient isolates as well as their equivalents in other fungi were pinpointed into the alignment.
Furthermore, the locations of the observed amino acid substitutions were investigated with the help of a recently published homology model of the A. fumigatus Cyp51A enzyme (25) .
A. fumigatus transformations. Transformation experiments were performed as described before (26) . Briefly, site-directed mutagenesis was used to introduce the point mutations into a cassette containing the cyp51A gene and promoter region together with a hygromycin selection marker gene. Mutagenic primers 5=-CTGGACAAGGGCTTTACTCTCA TCAATTTTATGCTACCG-3=/5=-CGGTAGCATAAAATTGATGAGAG TAAAGCCCTTGTCCAG-3= (for P216L) and 5=-GCTTTACTCCCATC AATATTATGCTACCGTGGGCC-3=/5=-GGCCCACGGTAGCATAATA TTGATGGGAGTAAAGC-3= (for F219I) were used. Both cassettes containing either the P216L-or F219I-causing mutation were used for homologous gene replacement by electroporation in a cyp51A wild-type isolate. Recombinants were selected on hygromycin-containing medium and subcultured for further investigation. In addition, a cassette without any mutation in the cyp51A gene was incorporated by electroporation as a transformation control. The complete cassette was sequenced to confirm the presence of the mutation and to ensure that no other mutations were present. To confirm that only one copy of cyp51A was incorporated, Southern blotting was performed. The susceptibility profiles of the recombinants, the transformation control, and the transformation recipient isolate were determined by the EUCAST broth microdilution test as described above. Literature review. We reviewed the literature for cases with acquired azole resistance development in A. fumigatus isolates during azole therapy. Only patients from whom at least one isogenic susceptible isolate was obtained were included, because in these cases it is very likely that resistance was acquired during treatment and not obtained from the environment. Information on Aspergillus disease, age, sex, underlying disease(s), treatment regimen, the number of isolates, the time needed for resistance to develop, and the resistance mechanisms observed was collected.
RESULTS

Characterization of patient isolates.
Results of susceptibility testing of the nine isolates obtained from our patient are shown in Table 1 , together with Cyp51A substitutions and the number of repeats for each microsatellite maker. Microsatellite typing showed identical genotypes for all isolates, indicating that the collection of isolates was isogenic. The unrelated control isolates showed aberrant genotypes (data not shown).
The first isolate showed a wild-type susceptibility phenotype, while all other isolates showed an ITC MIC of Ͼ16 mg/liter. VRC MICs varied between 0.5 and 8 mg/liter, and POS MICs were between 0.063 and Ͼ16 mg/liter. In total, four different azole susceptibility profiles were observed. cyp51A sequence analysis showed a conversion of alanine (A) to threonine (T) at codon 9 (codon 9 was changed from GCC to ACC) in all isolates. All eight isolates with a non-wild-type azole susceptibility profile had an additional point mutation in the cyp51A gene. Six isolates showed a point mutation resulting in the substitution of phenylalanine (F) for isoleucine (I) at codon 219 (change of codon 219 from TTT to ATT). One isolate contained a mutation at codon 216 (changed from CCC to CTC), resulting in the replacement of proline (P) by leucine (L). The last isolate contained a point mutation leading to the substitution of glycine (G) for glutamic acid (E) at codon 54 (GGG was changed to GAG). No mutations in cyp51B were observed in any of the nine isolates.
Cyp51 sequence alignments and homology model. The Cyp51A amino acid substitutions observed in the patient isolates were studied in more detail. Cyp51 sequence alignments (Fig. 1) showed that residue A9 is not well conserved. In contrast, G54, P216, and F219 are highly conserved within the fungal kingdom. Only C. posadasii showed a different amino acid at the position similar to A. fumigatus P216.
Because A9T is not well conserved and is also observed in the susceptible patient isolate and G54E is already described as being a cause of azole resistance (11), we focused on the P216L and F219I substitutions. To check for the position of these amino acids in the Cyp51A enzyme, P216L and F219I were pinpointed into a Cyp51 homology model. The model showed that both amino acids were located close to the opening of one of the two ligand access channels of the Cyp51 protein (Fig. 2) .
A. fumigatus recombinants. A. fumigatus recombinants were constructed with either the P216L or the F219I substitution. None of the recombinants had additional mutations in cyp51A, the promoter region, the 3= region, or the hygromycin selection marker gene. Southern blotting confirmed that integration occurred at a single chromosomal locus in all recombinants (data not shown). As shown in Tables 1 and 2 , the P216L recombinant exhibited a susceptibility phenotype similar to that of patient isolate v77-41, with resistance to ITC and an elevated MIC of POS. The phenotype of the F219L recombinant was similar to that of patient isolate v76-03 but different from the phenotypes of five other patient isolates with the F219I substitution (v79-63, v80-28, v80-55, v82-58, and v83-11) that were cultured later in the course of the disease.
Previously described cases of acquired azole resistance. Including the present case, eight cases with acquired azole resistance caused by A. fumigatus have been described (Fig. 3) . From each patient, between two and nine isogenic or nearly isogenic isolates of A. fumigatus were obtained, and the first isolate(s) showed a wild-type azole susceptibility phenotype. Except for patient 7, the cyp51A gene was sequenced and mutations at codons G54 (8 isolates from 5 patients), M220 (2 isolates from 2 patients), G448 (2 isolates from 2 patients), P216 (1 isolate), and F219 (6 isolates) were found. In five out of these seven cases, multiple resistance mechanisms emerged (patients 1, 3, 5, 6, and 8). All patients had azole exposure before the identification of the first resistant iso- late. The antifungals used for therapy included ITC in two patients (patients 1 and 6), and in all other patients, multiple antifungal treatments had been used (Fig. 3) , mainly because of the development of resistance. The patient that we present here also underwent multiple therapy changes, as described above. The time between the last culture of an isolate with a wild-type susceptibility phenotype and the first with an azole-resistant phenotype varied between 3 weeks and 23 months (median, 4 months).
DISCUSSION
Azole resistance has been reported to emerge in patients with chronic pulmonary aspergillosis and pulmonary aspergilloma during azole therapy. Here, we describe a patient with pulmonary aspergilloma from whom isogenic azole-resistant A. fumigatus isolates with various resistance phenotypes were cultured during azole therapy. The resistant isolates showed different mutations in the cyp51A gene resulting in G54E, P216L, and F219I substitutions. In addition, all isolates contained a mutation leading to the A9T substitution. It is unlikely that this mutation will have an impact on azole susceptibility because the sensitive isolate also contained the A9T substitution and A9 is not well conserved among fungal species. Mutations at codon G54 are already known to be associated with azole resistance in A. fumigatus (5, 11, 12, 16, 21) and are even mentioned to be hot-spot mutations (13) because mutations at this site are commonly found in azole-resistant isolates. Clinical and laboratory-induced mutant A. fumigatus isolates with the G54E substitution in Cyp51A usually show the following susceptibility profile: ITC MIC, Ͼ8 mg/liter; VRC MIC, 0.25 to 0.5 mg/liter; and POS MIC, 1 mg/liter (11, 12, 16) . This profile is consistent with that of the isolate obtained from our patient. The Cyp51A P216L substitution was described before in a patient with chronic cavitary pulmonary aspergillosis with aspergilloma treated with ITC (14) . However, this substitution is not yet confirmed to be a cause of resistance by the construction of recombinants. To our knowledge, the F219I substitution has not been described before.
Sequence alignments revealed that residues P216 and F219 are conserved within the fungal kingdom, and the Cyp51A homology model showed that they are both located close to the opening of the ligand access channel, suggesting that these residues are important. As the channels are thought to be used by azole compounds to enter the active site of the protein, mutations at codons P216 and F219 might affect the docking of azole molecules. Previously, docking of azoles in a homology model of A. fumigatus Cyp51A showed an interaction of P216 and several other closely situated residues with POS but not with VRC (34), indicating that mutations in this region might play a role in POS resistance. We 
FIG 3
Reported cases of acquired azole resistance in A. fumigatus (2, 3, 5, 6, 14) . The treatment schedules of all eight patients are indicated with bars, and the A. fumigatus isolates obtained from the patients are indicated with triangles. The corresponding resistance mechanisms are also indicated. wt, azole-susceptible wild-type isolate; ?, resistant isolate without any cyp51A mutations; ND, cyp51A sequence not determined; ITC, itraconazole; VRC, voriconazole; CAS, caspofungin; POS, posaconazole; AMB, amphotericin B (in various formulations). In the isolates marked with an asterisk, the F219I resistance mechanism was found in cyp51A. However, this isolate continued to evolve further azole resistance by an additional and yet unknown non-cyp51A-related resistance mechanism. Information regarding the treatment of patients 1, 2, and 3 was kindly provided by the author (S. Howard, personal communication).
confirmed the Cyp51A P216L and F219I substitutions to be the cause of azole resistance by the generation of recombinants in which the wild-type cyp51A gene was replaced by a cyp51A cassette containing either one of the two mutations. This resulted in resistance to ITC and POS, while recombinants remained susceptible to VRC. For P216L, this was in agreement with the phenotype of the clinical isolate, but for F219I, only one of six clinical isolates harboring this substitution showed a similar phenotype. For the remaining F219I isolates, the VRC MIC had increased from 1 mg/liter to 8 mg/liter and the POS MIC had increased from 0.5 mg/liter to Ͼ16 mg/liter. As no additional cyp51A mutations were found in these five isolates, we assume that a second resistance mechanism not related to the cyp51A gene had evolved during POS treatment. This is reasonable because resistance mechanisms other than cyp51A mutations have been reported before in A. fumigatus (2, 4, 14) . Review of the literature revealed seven other cases of aspergillosis caused by A. fumigatus in which azole resistance emerged during azole therapy. Because we selected only for cases in which at least one isogenic isolate with a susceptible phenotype was obtained, it is very likely that resistance was induced in the patient. The patients were probably initially colonized or infected with a susceptible isolate, and over time, through azole exposure, resistance developed in this initial isolate. In one case, the resistance mechanisms were not determined, but in five of the remaining seven cases (71%), at least two resistance mechanisms emerged, indicating that different evolutionary processes within one patient might result in independent adaptation of the fungus to azole exposure. Furthermore, in the case described here, resistance might also have accumulated sequentially as one of the resistant isolates further evolved to become multiazole resistant.
All patients were diagnosed with aspergilloma and chronic pulmonary aspergillosis. It was previously suggested that in the case of aspergilloma or cavitary aspergillus disease, the fungus is able to undergo multiple generations in the patient by the asexual way of reproduction. Sporulation (in the lung) as opposed to hyphal growth may be important to facilitate the expression of the azoleresistant phenotype; hyphal growth is typically found in acute invasive aspergillosis (33) .
Our literature review showed that the median time between the last cultured wild-type isolate and the first azole-resistant strain was only 4 months, indicating that resistance can be induced soon after initiating treatment. We have to address that two of the patients (patients 4 and 8; Fig. 3 ) received azole treatment for several years before the last cultured wild-type isolate was obtained. It is therefore possible that under azole pressure a preceding event unrelated to cyp51A occurred in the wild-type isolate and that the event subsequently resulted in the rapid acquisition of the resistance mutations. From every clinical sample, only one colony is usually subcultured, stored, and subjected to susceptibility testing even when more colonies grow. Therefore, it cannot be excluded that the resistance mechanisms found persisted for a longer time. Moreover, additional resistance mechanisms may have been found when multiple colonies had been tested. Furthermore, patients are not usually regularly sampled for the presence of fungi, so isolates cultured could have already been present in the patient for a long time. Although it is now shown that azole resistance can be induced in the patient within a relatively short period of time, the questions of which proportion of azole-treated patients with aspergilloma or other cavitary lung lesions develop azole resistance and whether specific risk factors for resistance development can be identified remain.
